The present study was mainly designed to prepare thin layers based on hybrid materials deposited on glass substrates. Herein, the Ni(II)-2,2-bipyridine complexes thin films have been elaborated following a successive ionic layer adsorption and reaction process as a simple and low-cost chemical technique. The deposition experiments were performed on glass substrates under the effect of several physicochemical factors, including dipping cycles (30e120 cycles), variations in solution temperature (293e323 K) and in precursor concentrations (10 À3 e10 À1 mol L À1 ), as well as the effect of the counter-anions [Fe(CN) 5 NO] À2 and [Ag(CN) 2 ] À . The synthesized films were characterized using scanning electron microscopy, Fourier Transform Infrared Spectroscopy, electrical resistivity and optical microscopy methods. It revealed an optical band gap energy of the obtained thin films ranging between 3.1 eV and 4.6 eV. At room temperature, the electrical resistivity of the Ni(II)-2,2-bipyridine complexes thin films ranged between 0.46 Â 10 5 U cm and 7.58 Â 10 5 U cm. Thus, this study proves that these materials can be used as selective absorbers in many areas (organic solar cell, optical filters, etc.) owning to their effective semiconductor properties.
Introduction
In the last few decades, the development of thin films containing hybrid materials has received great interest from many researchers. These thin films are elementary materials, widely used in nanotechnology and related studies, in particular in photomagnetism, biosorption, photocatalysis, photovoltaics, and optoelectronics [1e5] . In fact, the thin layers can be prepared from various materials, like metallic oxides (NiCoOx, ZneSnO 2 ), metallic sulfides (NiS, CoS ….) and organo-metallic complexes (e.g., amphiphilic Ruthenium(II) cyanide complexes, ironcomplexes Fe(phen) 2 (NCS) 2 , Ni(II)-complexes, Eu(III) phenylalanine complexes, and Co(II)eCu(II) complexes) [3e7] . The fabrication of thin layer transition-metal complexes was studied by various deposition techniques, such as successive ionic layer adsorption and reaction, chemical bath deposition, the LangmuireBlodgett method, the spin-coating technique, atomic layer deposition, molecular self-assembly deposition and the electrochemical deposition and adsorption process. Moreover, homogeneous films with a controlled thickness of the hybrid molecular materials were evidenced by using a simple low-cost techniques, such as the successive ionic layer adsorption and reaction (SILAR) technique [4e10] . Interestingly, the primarily advantages of this technique provide novel chemical compositions with unique properties, excellent purity, and more convenient preparation ways [11] . Several studies have demonstrated that the optical and electrical properties of these materials can be improved by the SILAR deposition of transition metals complexes into the glass substrate [10] . In the present paper, we report the electrical and optical properties of thin films of the complexes [Ni(bpy) 3 5 NO] À2 , [Ag(CN) 2 ] À ) deposited on microslide glass substrates using the SILAR technique. The study, therefore, aimed to fabricate the complexes based on the transition metals ([Ni(bpy) 3 Fe(CN) 5 NO] & [Ni(bpy) 3 Ag(CN) 2 ) 2 ]) and to elaborate on light-sensitive properties of organometallic thin films with high quality and controlled thickness, as well as on the deposition of these thin layers on micro-glass slides which is known as a simple and low-cost chemical technique. Also, the study aimed to optimize several influencing parameters, including the number of dipping cycles (30, 60, and 120 cycles), the solution temperature (293 K, 303 K, 313 K, and 323 K) and the concentration of the precursors (10 À3 , 10 À2 , and 10 À1 mol L À1 ). The obtained [Ni(bpy) 3 X] thin films at optimal conditions were characterized by Fourier Transform Infrared Spectroscopy (FTIR), Scanning electron microscopy (SEM), X-ray diffraction (XRD), UVeVis spectrometry and optical microscopy. The UVeVis spectrometry revealed large absorbance bands of the thin films in the UV range between 190 and 300 nm, corresponding to the fundamental electronic transitions (n / p*, p / p*), and an optical band gap energy (E g ) ranging between 3.1 eV and 4.6 eV. Consequently, the study proved that the [Ni(bpy) 3 Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] thin films have semiconductor properties and an electrical resistivity at room temperature of 0.46 Â 10 5 U cm and 7.58 Â 10 5 U, respectively.
Experimental details
All chemicals used in the preparation of Ni(II)-complexes solutions (Nickel sulfate (NiSO 4 $7H 2 O), sodium nitroprusside Na 2 [Fe(CN) 5 NO]$2H 2 O, and the bpy (2, 2-bipyridine: C 10 H 8 N 2 )) were provided by Merck. Beforehand, the glass micro-slides, used as deposition substrates, were cleaned in an ultra-sonic bath with a commercial detergent for 10 min, rinsed with distilled water, dipped in acetone for 10 min, washed with dichloromethane and, afterwards, dried in vacuum at 105 C for 90 min. The cleaned glass slides were stored in a dry closed bottle until the use as substrates for the deposition of Ni(II)-2,2-bipyridine complexes.
Deposition of the thin films
The micro glass substrates have been immersed in precursor solutions according to the general deposition procedure (Fig. 1 ). In brief, the substrate was dipped for 30 s in beaker "I" containing cationic complex [Ni(bpy) 3 ] þ2 , rinsed with distilled water in beaker "II" during 15 s, dipped in the anionic solution of [Fe(CN) 5 NO] À2 or [Ag(CN) 2 ] À in beaker "III" during 30 s, and then re-washed in beaker "IV" [12, 13] . The mechanism for the formation of Ni(II)-complexes thin films can be expressed according to the following reactions: 3 Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] thin films deposited on glass substrates at 120 dipping cycles, 293 K and concentration of precursors as 0.01 mol L À1 . Fig. 4 . X-ray diffraction patterns of [Ni(bpy) 3 Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] thin films deposited on glass substrates at 120 dipping cycles, at 293 K and at a concentration of precursors of 0.01 mol L À1 .
The effects of the dipping cycles, precursor concentration and solution temperature on the thickness evolution of [Ni(bpy) 3 Ag(CN) 2 ) 2 ] and [Ni(bpy) 3 Fe(CN) 5 NO] films have been studied using the same deposition procedure [12] .
Characterizations
The thickness of the obtained films was measured by a profilometer (Dektak 3030 Surface Profiler), and the FTIR spectra were recorded using a Shimadzu FTIR-8700 spectrometer in the range of 400 cm À1 e4000 cm À1 . The structure of these complexes was characterized by an X-ray diffraction analysis using a Bruker AXS D8 Advance X-ray diffractometer for 2 Ɵ values ranging between 20 and 80 . The surface morphology of the thin films was examined using a JSM-7600F JEOL scanning electron microscope (SEM). The optical properties of the as-deposited films were analyzed by an UVeVis Spectrophotometer (200 PLUS. SPECORD-Analytik Jena AG) in the range of 190 nme800 nm.
Results and discussion

Effect of physicochemical factors on the deposition of thin films
The thickness of the as-deposited films increases with increasing concentration of precursor (10 À3 , 10 À2 , and 10 À1 mol L À1 ) and dipping cycles (30, 60 and 120 cycles) ( Fig. 2a and b). Hence, the quenching rate of the thin film thicknesses could be due to the combined effect of the increased grain size and saturation of the used substrate area with the increase in precursor concentrations (Fig. 2a ). The most effective results were found with the precursor concentration of 10 À2 M at 20 C and 120 dipping cycles with an efficient thickness up to 3.9 mm for [Ni(bpy) 3 Ag(CN) 2 ) 2 ] and 4.9 mm for [Ni(bpy) 3 Fe(CN) 5 NO]. However, the increase of solution temperatures (293 K, 303 K, 313 K, and 323 K) was found to have a destructive action on the growth of the studied Ni(II) 2,2-bipyridine complexes thin films. This observation concords with the evolution of their respective thickness ( Fig. 2c ).
FTIR analysis of thin films
The transition metals and cyano-complexes can be evidenced using infrared spectroscopy following the cyano vibration band (y -CN ) that ranges from 2200 cm À1 to 1900 cm À1 . The infrared spectra of [Ni(bpy) 3 Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] thin films obtained at room temperature, 120 dipping cycles, and precursor concentration of 10 À2 mol L À1 are shown in Fig. 3 . Also, vibration bands at 2100 cm À1 showing the cyano-vibration band (y -CN ) of these materials were observed in the infrared spectra. Additionally, the nickel nitroprusside complex FTIR Specter shows other vibration bands at 1950 cm À1 , 1608 cm À1 , and 654 cm À1 which could be assigned to (y-NO ), (y-FeNO ), and (y Fe-NO ) [12e14].
Thin films structural study
The obtained Ni(II)-2,2-bipyridine complexes thin films exhibit a strong adhesion to the surface of the used substrate, show a pink reddish color and were found to be very stable under the usual environmental conditions. Fig. 4 displays a typical X-ray diffraction patterns of [Ni(bpy) 3 Ag(CN) 2 ) 2 ] and [Ni(bpy) 3 Fe(CN) 5 NO] thin layers obtained at room temperature, 120 dipping cycles and precursor concentration of 10 À2 mol L À1 . Furthermore, the observed diffraction peaks at 29 , 32 , 44 , 65 , and 78 related to the polycrystalline structure, correspond to the indexed planes (311), (111), (200), and (220) of the fcc-Ni/Fe structure (ICDD-JCPDS#87-0721). The DRX pattern of [Ni(bpy) 3 (Ag(CN) 2 ) 2 ] thin layer reveals diffraction peaks at 38 , 44 , 65 and 78 , corresponding to the indexed planes (111), (200), (220) and (311), and are attributed to the polycrystalline structure (ICDD-JCPDF#04-0783). The appearance of the broad peak between 24 and 28 may correspond to the glass substrate amorphous structure [12, 13] .
Morphology of the thin film surface
The surface morphology of the obtained Ni(II)-2,2-bipyridine complexes thin films were characterized by an optical microscope and by scanning electron microscopy as the efficient tool in characterizing the surface morphology of solid materials through direct twodimensional surface imaging [12, 13] . Thus, the surface morphology images seen by SEM and optical microscope reveal a crystalline homogeneous microstructure of the Ni(II)-complexes film surfaces. As shown in Fig. 5 , the [Ni(bpy) 3 (Fe(CN) 5 NO)] film surfaces have a crystalline microstructure with a grain dimension up to 5 mm (Fig. 5a) whereas the [Ni(bpy) 3 Ag(CN) 2 ] thin films have a homogeneous microstructure with a modest degree of crystallinity and a grain size of 3 mm (Fig. 5b ).
Optical study
UVeVis spectrophotometry was used to study the optical properties (light absorption, electronic transition and optical band gap) of the Ni(II)-complexes thin films. The UVeVis absorption spectra of the as-deposited thin films synthesized under optimal conditions ( Fig. 6) show large and intense bands ranging between 190 nm and 300 nm for the two complexes thin films. In addition, the strong absorption bands observed in this area were proved to be mainly due to the principle electronic transition states (d / d, d / p*, p / d, p / p* and n / p*) [2, 12, 13] . From the coordination of the ligand along with the metallic central atom, there is a splitting of the "d" orbital resulting in d / d excited states, promoting an electron within a d orbital primarily confined to the central metal. In the case of the "d / p*" states, electronic transitions result from the charge transfer between an excited electron of the central metal and an anti-bonding orbital of the ligand [15] .
The charge transfer starts from the p bonding ligand system to the central metal (d) orbital when the electronic transition moves as "p / d", while the electronic transitions can be observed within the ligand system orbitals in the case of "p / p*" or "n / p*" states. Noteworthy, the transition of an electron from a p-bonding or non-bonding orbital to the lowest unoccupied molecular orbital (p*) rises the electronic transitions [15] , and, consequently, the Ni(II)-2,2-bipyridine complexes thin layers reveal large absorbance bonds in the UV area with maximal absorbance at 215 nm for [Ni(bpy) 3 Ag(CN) 2 ) 2 ] and 245 nm for [Ni(bpy) 3 Fe(CN) 5 NO]. The fundamental electronic transitions between 190 nm and 400 nm correspond to n / p* and p / p* electronic transitions between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The absorption coefficient and energy gap were determined using the UVeVis absorbance spectra of the deposited thin layers at optimal conditions. The direct transitions were determined from the analysis of the spectral dependence of the absorption close to the fundamental absorption edges within the framework of one electron. Equations relating the absorption coefficient (a) and the energy gap are as follow [12, 13] :
ða h yÞ 2 ¼ Aðhy À EgÞ The variation of the absorption coefficient (a) versus photon energy (hy) shows that the high absorbance of the as-deposited Ni(II)-complexes thin films is found between 4.5 eV and 6.5 eV with maximum values of the absorption coefficient (a) varying between 3.5 Â 10 4 cm À1 and 5 Â 10 4 cm À1 (Fig. 7a ). Fig. 7b shows the variation of (ahy) 2 versus photon energy (hy) of the deposited Ni(II)-complexes thin films, and the energy gap up to 3.1 eV and 4.6 eV, respectively, for the [Ni(bpy) 3 Ag(CN) 2 ) 2 ] and [Ni(bpy) 3-Fe(CN) 5 NO] thin films.
Electrical properties of thin films
The conductivity (s) (eq. (3)) and electrical resistivity (r) (eqs. (4) and (5)) of [Ni(bpy) 3 Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] thin films synthesized under optimal conditions were measured in the dark as a function of temperature (293 K and 393 K) using twoprobe techniques.
LnðrÞ
The slope seen from the graph of relation 5 was used to determine the activation energy E a (eV) values. Where r 0 (U cm) is the preexponential factor and k (m 2 kg s À2 K À1 ) is the Boltzmann constant. In Table 1 , the [Ni(bpy) 3 Fe(CN) 5 NO] thin film show at room temperature electrical resistivity and electrical conductivity values equal to 0.46 Â 10 5 U cm and 2.17 Â 10 À5 S cm À1 , respectively. However, at room temperature the [Ni(bpy) 3 Ag(CN) 2 ) 2 ] film exhibits an electrical conductivity and an electrical resistivity equal to 0.13 Â 10 À5 S cm À1 and 7.58 Â 10 5 U cm, respectively. This difference can be due to the effect of the counter-anion nature on the electronic structure of the two complexes. The determined activation energy (E a ) was found between 0.31 eV and 0.45 eV (Table 1 ).
On top of that, the variation in the logarithm of the resistivity (log r)
with the reciprocal of temperature (10 3 /T) plot (Fig. 8) 
Conclusion
Ni(II)-complexes thin films have been successfully deposited on micro glass substrates using a successive ionic layer adsorption and reaction method. Homogeneous and efficient Ni(II)-2,2-bipyridine complexes films were obtained after 120 cycles of dipping, with a precursor concentration of 0.01 mol L À1 at 293 K. The SEM analysis showed a crystalline microstructure with a grain size more than 3 mm of the as-deposited thin films. Also, the XRD structural characterization showed an orthorhombic structure of the as- deposited complex thin layers. Moreover, the optical absorption analyses showed that the studied Ni(II)-2,2-bipyridine complexes thin films have strong absorption bands in the UV area between 190 nm and 300 nm, due to the fundamental electronic transitions (p / p*, n / p*, and d / p*) between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The optical energy gaps (Eg) vary between 3.1 eV and 4.6 eV. Therefore, the study of electrical properties of [Ni(bpy) 3 Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] thin films showed that these materials have semiconductor properties with an electrical resistivity (r) ranging between 0.46 Â 10 5 U cm and 7.58 Â 10 5 U cm, at room temperature. Moreover, the [Ni(bpy) 3- Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] complexes can be accepted as inorganic semiconductors. Subsequently, the observed results suggest that the SILAR technique leads to deposition of high quality thin films with respect to their structural, optical and electrical properties and, of more advantage, provides [Ni(bpy) 3 Fe(CN) 5 NO] and [Ni(bpy) 3 Ag(CN) 2 ) 2 ] thin films that are appropriate for the fabrication of many optical devices.
